Introduction
============

Bone defects are caused by loss of a part of the bone due to trauma, osteomyelitis, or bone tumors. In order to treat bone defects, autologous, allogenic, and synthetic bone implants have been used in the clinical area. Nearly 2 million bone implants have been performed in the USA over the past 16 years.[@b1-ijn-13-7019] Recently, there has been an increase in artificial bone grafting because autologous bone grafting requires additional surgery for collecting bone tissue at other sites to be used for implantation.[@b1-ijn-13-7019]--[@b4-ijn-13-7019] However, there are some disadvantages to artificial bone such as possible immune response, early absorption, and a lack of osteogenic factors.[@b5-ijn-13-7019] To improve these problems, many studies have been performed on growth factors, drugs, and proteins that induce effective bone regeneration.[@b6-ijn-13-7019]--[@b9-ijn-13-7019]

In general, nanomaterials have a size of less than 100 nm and are manufactured in various sizes, shapes, and crystal structures using materials such as silicon, carbon, silver, and graphene. Nanomaterials have attracted much attention in the fields of chemistry, physics, and biotechnology due to their ease of mass production and wide range of applications.[@b10-ijn-13-7019],[@b11-ijn-13-7019] Among these materials, gold nanoparticles (GNPs) have better biocompatibility and surface specificity than other nanomaterials. For these reasons, GNPs have been widely applied in the fields of drug delivery, diagnosis, and tissue regeneration.[@b12-ijn-13-7019]--[@b15-ijn-13-7019] In particular, GNPs are suitable for use as functional materials for bone regeneration because of their excellent effects of promoting bone differentiation of stem cells and osteoclast inhibition.[@b12-ijn-13-7019],[@b16-ijn-13-7019]--[@b19-ijn-13-7019] In this study, *N*-acetyl cysteine (NAC) was grafted to GNPs by the surface specificity of GNPs for inducing a synergy effect for promoting bone regeneration.

NAC has been used clinically for kidney disease, hemorrhagic cystitis, obstructive pulmonary disease, and especially as a health supplement due to its antioxidant activity.[@b20-ijn-13-7019],[@b21-ijn-13-7019] Yamada et al have demonstrated that NAC enhances bone regeneration at a certain concentration by promoting osteogenesis-related gene expression such as osteopontin and osteocalcin.[@b22-ijn-13-7019] In addition, adipogenic differentiation was inhibited by intracellular antioxidant activity through NAC.[@b23-ijn-13-7019] NAC can be immobilized on GNP surfaces through covalent bonds by a reaction with the thiol group of NAC. After the NAC-grafted GNPs (G-NAC) were absorbed into the cell, the NAC separated by intracellular glutathione.[@b13-ijn-13-7019] Based on these theories, it is suggested that G-NAC was absorbed well into the cells by GNPs, and then GNPs and NAC will both express their activity in the cells.

Hydrogels are a type of material that imitate extracellular matrix in the body as they contain a lot of water due to the cross-linking of the hydrophilic polymer. Hydrogels contain water similar to the body environment and thus can provide an optimal environment for preserving the structure and physiological activity of hydrophilic proteins.[@b24-ijn-13-7019] In addition, it is possible to control the release of drugs, proteins, growth factors, and other substances contained within hydrogels.[@b25-ijn-13-7019],[@b26-ijn-13-7019] An injectable hydrogel, which induces a cross-linking reaction after implantation in the defects, can be brought into close contact with the surrounding structure regardless of the complexity of the shape of the defect.[@b27-ijn-13-7019],[@b28-ijn-13-7019] Biodegradable protein-based hydrogels, such as collagen, gelatin, silk fibroin, and chitosan, have been continuously studied for complete autologous tissue regeneration. Among these, gelatin is a material obtained from collagen, which is a fibrous protein that constitutes a substantial part of living tissue.[@b24-ijn-13-7019] It has a lower molecular weight than collagen, excellent biodegradability, biocompatibility, and high commercial potential. Also, it has favorable properties for bioapplication because it contains factors in collagen, such as the RGD sequence, which positively affects cell adhesion.[@b29-ijn-13-7019] However, formulation methods are still being researched as it is difficult to impart specific functions to the surface of gelatin such as what is done with other materials.

In this study, we designed G-NAC, a functional nanoparticle to promote bone formation, which was characterized chemically and physically. Subsequently, it was evaluated for cytotoxicity and promotion of bone differentiation in human adipose-derived stem cells (hASCs). The gelatin hydrogel was generated to induce tissue regeneration and allow G-NAC to continue to function ([Figure 1](#f1-ijn-13-7019){ref-type="fig"}). Gelatin with phenolic hydroxyl group was synthesized (Gel-Ty) by binding gelatin and tyramine (Ty) for hydrogel formation. Gel-Ty formed into a hydrogel by a reaction with horseradish peroxidase (HRP) and hydrogen peroxide (H~2~O~2~). Biocompatibility was assessed both with and without the Gel-Ty hydrogel via hASCs. In addition, GNPs were encapsulated in Gel-Ty hydrogel with hASCs to assess bioavailability.

Materials and methods
=====================

Materials
---------

Gelatin type B, 2-morpholinoethanesulfonic acid (MES), sodium chloride, gold (III) chloride hydrate, sodium citrate, NAC and Ty were purchased from Sigma-Aldrich (St Louis, MO, USA). N-Hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) were purchased from Tokyo Chemical Industry (Tokyo, Japan). Ty, HRP, and Alexa Fluor 488 Phalloidin were purchased from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA). Spectra/Por 4 dialysis tubing (3.5 and 10 kDa MWCO) was purchased from Spectrum Laboratories Inc (Rancho Dominguez, CA, USA). DMEM, FBS, antibiotic agents (penicillin/streptomycin, PS), TrypLE™ Express, PBS, and Dubecco's phosphate buffered saline (DPBS) were purchased from Gibco (Thermo Fisher Scientific). Deionized-distilled water (DW) was produced by an ultrapure water system (Puris-Ro800; Bio Lab Tech., Republic of Korea).

Equipment
---------

Proton nuclear magnetic resonance (^1^H NMR) spectra were recorded on a Bruker Avance 400 (Bruker Corporation, Billerica, MA, USA). The viscoelastic properties were measured by a rotating rheometer (AR-G2, TA Instruments, New Castle, DE, USA). The fluorescently labeled cells were observed by a confocal laser scanning microscopy (CLSM, Eclipse E600W, Nikon Corporation, Tokyo, Japan). ELISAs were performed using a Benchmark Plus microplate spectrophotometer system (Bio-Rad Laboratories Inc, Hercules, CA, USA). Dynamic light scattering (DLS) was performed using an ELSZ-1000 (Photal, Otsuka Electronics, Osaka, Japan). Thermogravimetric analysis (TGA) was performed using an SDT Q600 (TA Instruments). Cell uptake of nanoparticles analysis was observed using a DM2500 microscope with dark-field (DF) filter (Leica Microsystems, Wetzlar, Germany).

Synthesis and preparation of Gel-Ty/G-NAC composite
---------------------------------------------------

### Synthesis and preparation of GNPs and G-NAC

The GNPs were produced using the citrate reduction of HAuCl~4~ as previously described.[@b30-ijn-13-7019] Briefly, a 2% sodium citrate solution was rapidly added in a 0.02% HAuCl~4~ solution at 100°C. The reaction temperature was maintained for 15 minutes after the mixture turned to dark-purple and then bench cooled to room temperature. The GNP solution was filtrated using a 22 µm syringe filter (EMD Millipore, Billerica, MA, USA). For attaching NAC on the GNPs surface, 580 µM GNP solution was reacted with 29 mM NAC solution and stirred for 48 hours at room temperature. The mixture was dialyzed for 5 days using a 3,500 Da dialysis membrane to remove unconjugated NAC.

### Synthesis and preparation of Gel-Ty hydrogels

The MES buffer was prepared by blending 50 mM MES and 0.5 M sodium chloride in DW and then adjusting the pH to 6.0. Gelatin type B was dissolved in 60°C MES buffer at 2% concentration. After cooling, 25 mM NHS and 50 mM EDC were added at room temperature. After 1-hour reaction, Ty was added in half the amount of gelatin type B and was stirred for 24 hours at room temperature. The mixture was dialyzed for 7 days against DW using a 10 kDa dialysis tube and then the dialyzed solution was lyophilized. The synthesized Gel-Ty was analyzed by ^1^H-NMR. The Gel-Ty hydrogels were formed by reaction with HRP and H~2~O~2~. Briefly, 5 units of HRP and 25 µL of 50 mM H~2~O~2~ were mixed in PBS in which lyophilized Gel-Ty was dissolved at the required concentrations. The Gel-Ty solution reacted into the form of a hydrogel within 1 minute. The hydrogels were prepared as a film with a thickness of 1 mm and shaped into an 8 mm diameter disk using a biopsy punch. These disks were used for rheometer and cell experiments. The viscoelastic properties of Gel-Ty hydrogels were measured using a rotating rheometer. For rheological analysis, the samples were compressed to 5% strain at frequencies from 0.1 to 100 Hz. The temperature was controlled at 25°C during the viscoelastic measurement.

### Preparation of Gel-Ty/GNPs composite hydrogels

Solutions of 20, 100, and 200 µM GNPs and G-NAC solutions were centrifuged at 13,000 rpm for 15 minutes to settle the particles. The supernatant-removed pellets were mixed in 7.5% Gel-Ty solution and then they were reacted with HRP, H~2~O~2~, and hASCs. The Gel-Ty hydrogels formed contained 10, 100, 200, and 400 µM GNPs, respectively. These were used for in vitro experiments.

Characterizations of G-NAC
--------------------------

The synthesized GNPs and G-NAC were characterized by DLS analysis to confirm the size of the nanoparticles at a concentration of 200 µM at 25°C. Before ultraviolet-visible (UV-vis) spectrum analysis, the concentration of the GNP solution was concentrated because the concentration of G-NAC solution was decreased when it was dialyzed during the production process. GNPs and G-NAC were centrifuged at 13,000 rpm for 15 minutes and then were lyophilized for TGA. TGA was performed under a high purity nitrogen flow of 100 mL/min. The temperature of the furnace was set to increase at 10°C/min and up to a maximum of 800°C.

Human adipose-derived stem cells (hASCs) culture
------------------------------------------------

The hASCs (Cefobio, Seoul, Republic of Korea) were cultured in growth medium (GM) or osteodifferentiation medium (OM) at 37°C in 5% CO~2~ incubator (Isotemp, Thermo Fisher Scientific). The GM was composed of DMEM, 10% FBS, and 1% PS. The OM was composed of GM, 10 mM β-glycerol phosphate disodium salt hydrate, 300 µM ascorbic acid, and 0.1 µM dexamethasone. In the all cell experiments using hASCs, and the GM and OM were changed every 3 days.

Intercellular uptake analysis of GNPs and G-NAC
-----------------------------------------------

The intercellular uptake of GNPs and G-NAC was determined by DF assay.[@b12-ijn-13-7019] The hASCs were seeded in a confocal dish (SPL, Pocheon, Republic of Korea) and treated with 20 µM GNPs and G-NAC solutions. After 12 hours, these were fixed using 3.7% formaldehyde solution and were observed through a DM2500 microscope equipped with a DF filter. DF images were analyzed by ImageJ program.

Viability of hASCs analysis
---------------------------

The viability of hASCs was evaluated using fluorescence staining and cell viability assay kit (EZ-Cytox, Dogne, Republic of Korea). For the evaluation of GNPs, NAC, and G-NAC, hASCs were seeded at a density of 1×10^4^ cells per well in GM. After 1 day, GM was changed to various GM containing various concentrations of GNPs, NAC, and G-NAC, respectively. These were then reacted by 1/10 diluted EZ-Cytox solution for 90 minutes, and the reacted solutions were measured using an ELISA reader operating at 450 nm wavelength. In the evaluation of Gel-Ty hydrogels, two methods were used to confirm the surface and internal properties of hydrogels. First, for the evaluation on the hydrogel surface, a hydrogel prepared in the form of 8 mm diameter disk was placed on a 48-well cell culture plate, and drop seeding was carried out at a concentration of 1×10^4^ cells per sample. Second, for hASCs-embedded hydrogel preparation, two types of Gel-Ty solutions were prepared before the hydrogel cross-linking. The cross-linker cells/mL H~2~O~2~ was added to 10% Gel-Ty solution, and 2×10^6^ hASCs were dispersed in the other 10% Gel-Ty solution with HRP. These two solutions were then mixed and poured using a dual syringe. The cross-linked hydrogels were cut to disks and then they were moved to 48-well cell culture plate. All hydrogel samples were evaluated using a cell viability assay kit. In addition, the hASC cultured hydrogels were fixed using 3.7% formaldehyde solution and then were stained using Alexa Fluor 488 phalloidin and DAPI. The prepared samples were observed by CLSM.

ALP activity
------------

The hASCs were seeded in a 48-well cell culture plate at a density of 2×10^4^ cells per well or sample. After 1 day, GM was changed to either OM or OM containing GNPs, NAC, or G-NAC, respectively. The cells were then cultured for 5, 10, and 15 days. The osteodifferentiated hASCs were washed with DPBS and lysed with 3× RIPA buffer at 4°C for 1 hour. The lysed hASCs were centrifuged at 10,000 rpm for 10 minutes, and the supernatant was reacted with *p*-nitrophenol phosphate (Sigma-Aldrich) in a 37°C incubator for 30 minutes. The level of *p*-nitrophenol production was measured using an ELISA reader at 405 nm wavelength.

Statistical analysis
--------------------

For hASC viability and ALP activity tests, a known quantity of hASCs was seeded in four wells per group. In addition, statistical analysis was performed using two-way ANOVA with Tukey's multiple comparison post hoc tests. All values are expressed as the mean ± SD, and all the experimental groups are compared with each other. Significance was defined as \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001.

Results
=======

Characterization of GNPs and G-NAC
----------------------------------

DLS analysis of GNPs at 580 µM concentration showed that the particles had diameters mostly in the range of 28--32 nm. The average diameter of particles was 35.83±0.9 nm, and polydispersity (PDI) was measured as 0.3000±0.026 ([Figure 2A](#f2-ijn-13-7019){ref-type="fig"}). The GNP solution was prepared with G-NAC through reaction with NAC solution. The GNPs and G-NAC were measured using UV spectrophotometer. The measured maximum absorbance values were 522.5 and 527 nm for GNPs and G-NAC, respectively. Here, the graph of G-NAC is similar to the graph of GNPs, but it is confirmed that it has moved to the right of the graph of GNPs. The TGA graph showed the pyrolytic properties of GNPs, G-NAC, and NAC when these were heated to 800°C ([Figure 2C](#f2-ijn-13-7019){ref-type="fig"}). The mass reduction rates of GNPs, G-NAC, and NAC were 2.177%, 3.088%, and 82.58%, respectively.

Viability and osteodifferentiation of hASCs by NAC, GNPs, and G-NAC
-------------------------------------------------------------------

We confirmed how NAC and GNPs, independently, affect hASCs ([Figure 3](#f3-ijn-13-7019){ref-type="fig"}). In [Figure 3A and C](#f3-ijn-13-7019){ref-type="fig"} graphs, the group with no treatment of NAC or GNPs was set to control (100%), and the remaining groups were compared with the control group. NAC was evaluated in the range of 0.01--50 mM. The concentration of 50 mM NAC was significantly lower (79.9%, 49.4%, and 37.8%) over all periods. All survival rates were similar or slightly increased in all groups, except for 50 mM NAC. However, as the duration of drug treatment increased, the cell proliferation rate decreased at the groups treated with high concentrations of NAC. At 7 days, all NAC-treated groups, except the 0.01 mM NAC group (265.8%), were 22% lower than the control group (255.1%). On the contrary, all groups with added GNPs had a higher cell viability than the control group. In the group treated with 40 µM GNPs for 7 days, the value of viability was 1.73 times higher than the control group.

ALP activity analysis was performed to confirm the bone differentiation effect of NAC and GNPs. It was performed within the noncytotoxic range, based on the viability analysis results of hASCs. The ALP activity of 1 mM NAC was measured to be 48.4, 96.1, and 108.4 µM/min/µg at 5, 10, and 15 days, respectively. This was significantly lower than the control group ([Figure 3B](#f3-ijn-13-7019){ref-type="fig"}). In the ALP activity of GNPs, 10 µM GNPs was higher at all time periods. However, at concentrations above 50 µM, the ALP activity tended to decrease as the concentration of GNPs increased, unlike viability ([Figure 3D](#f3-ijn-13-7019){ref-type="fig"}). Thus, the concentration of GNPs was further subdivided into 50 µM and the ALP activity was found to be the highest in the 20 µM group ([Figure S1](#SD1-ijn-13-7019){ref-type="supplementary-material"}).

Cell viability and ALP activity by G-NAC were assessed after treatment with the same concentrations as GNPs ([Figure S2](#SD2-ijn-13-7019){ref-type="supplementary-material"}). During the viability of hASCs test, the values were significantly different from control (146.3%) when 40, 100, and 200 µM of G-NAC were treated for 3 days. At 7 days, the hASCs viability was 1.65 times higher than control in 100 µM G-NAC group. The ALP activity by G-NAC was highest when treated with 10 µM, and the values were higher than the 50, 100, and 200 µM G-NAC groups.

Based on the above results, a comparative evaluation of GNPs, NAC, and G-NAC for viability and ALP activity was performed. GNPs and G-NAC were treated at a concentration of 20 µM and NAC at a concentration of 2.2 µM ([Figure 4](#f4-ijn-13-7019){ref-type="fig"}). The NAC-treated group at 7 days showed 0.85-fold the control group for viability, but the values of ALP activity were 1.17-, 1.16-, and 1.09-fold the control group at 5, 10, and 15 days, respectively. GNPs and G-NAC showed higher cell viability than the control group, but there was no significant difference between them. However, ALP activity showed a significant difference, by a maximum of 1.18 times and a minimum of 1.08 times higher than GNPs in G-NAC.

Intercellular uptake of GNPs and G-NAC
--------------------------------------

The hASCs were cultured in confocal dishes and then treated with 20 µM of GNPs and G-NAC, respectively, to observe the uptake of GNPs and G-NAC into the cells ([Figure 5](#f5-ijn-13-7019){ref-type="fig"}). The absorption of GNPs and G-NAC into the cells was observed in the bright field image ([Figure 5A and C](#f5-ijn-13-7019){ref-type="fig"}). In the DF image, however, only the absorbed particles were observed in white and there is little difference in absorbed amount. DF images were quantitatively compared using the ImageJ program, resulting in almost no difference between GNPs (2.38%) and G-NACs (2.27%) ([Figure 5E](#f5-ijn-13-7019){ref-type="fig"}).

Preparation and characterization of Gel-Ty hydrogel
---------------------------------------------------

In the ^1^H NMR analysis of synthesized Gel-Ty and gelatin, the unique peaks were detected in Gel-Ty at 7.2 and 6.9 ppm ([Figure 6A](#f6-ijn-13-7019){ref-type="fig"}). The synthesized Gel-Ty was in a liquid state when it was dissolved in PBS, but retained a viscoelastic solid form after HRP and H~2~O~2~ were added ([Figure 6C](#f6-ijn-13-7019){ref-type="fig"}). The resulting Gel-Ty hydrogel was fixed at 5% stress at room temperature using a rheometer, and the modulus was measured by increasing the frequency from 0.1 to 40 Hz. The loss elastic modulus (G″) of the 5%, 6.5%, and 8% Gel-Ty hydrogels was 4.32±0.86, 5.32±0.96, and 6.56±0.71, respectively. However, the storage modulus (G′) greatly increased in proportion to the increase of Gel-Ty concentration ([Figure 6B](#f6-ijn-13-7019){ref-type="fig"}).

Viability and ALP activity of hASCs on the Gel-Ty and Gel-Ty/G-NAC hydrogels
----------------------------------------------------------------------------

The hASC viability was evaluated in and out of the hydrogel to determine the optimum concentration of Gel-Ty for loading G-NAC. Cells cultured on 5%--8% Gel-Ty surface were fluorescently stained and confirmed that they proliferated well in all groups using CLSM ([Figure S3A--F](#SD3-ijn-13-7019){ref-type="supplementary-material"}). In addition, there was no significant difference at all concentrations of Gel-Ty as shown in [Figure S3G](#SD3-ijn-13-7019){ref-type="supplementary-material"}. However, at 7 days, the values of all hydrogel groups were 1.5 times higher than the hASCs cultured in the tissue culture plate set as the control group. The number of living cells in the hydrogels was similar among the groups ([Figure 7M](#f7-ijn-13-7019){ref-type="fig"}), but the shape of 5% and 7.5% Gel-Ty hydrogels did not maintain well after 3 days compared with 10% Gel-Ty groups ([Figure 7A--L](#f7-ijn-13-7019){ref-type="fig"}). To evaluate the applicability of GNPs to Gel-Ty hydrogels, cell viability was measured by preparing 10% Gel-Ty complexes with various concentrations of GNPs ([Figure 7N](#f7-ijn-13-7019){ref-type="fig"}). As a result, it was confirmed that the cell viability was increased as the concentration of GNPs increased. Particularly, at the concentration of 200 µM or more, there was a significant difference compared with the control group.

The ALP activity occurred at the Gel-Ty hydrogels containing various concentrations of GNPs ([Figure 8A](#f8-ijn-13-7019){ref-type="fig"}). Samples containing 100 µM of GNPs showed the highest values compared with the other groups at the 5, 10, and 15 days and at least 1.33 times and 1.62 times higher than the samples without GNPs; 20 and 200 µM GNPs were all better than controls, but they were lower than the samples containing 100 µM GNPs. Based on these results, a comparative experiment was performed on the osteodifferentiation effects of Gel-Ty/GNPs and Gel-Ty/G-NAC containing 100 µM of nanoparticles ([Figure 8B](#f8-ijn-13-7019){ref-type="fig"}). Gel-Ty/G-NAC values were 1.85 times and 1.41 times higher than Gel-Ty and Gel-Ty/GNP, respectively.

Discussion
==========

GNPs have been used in the biomedical field for a variety of applications such as drug delivery, diagnosis, anticancer, and tissue regeneration.[@b13-ijn-13-7019],[@b31-ijn-13-7019] For bone regeneration, GNPs are involved in the p38 mitogen-activated protein kinase signaling pathway when they are absorbed into mesenchymal stem cells (MSCs). This reaction induces osteoblast growth by activating osteoprogenitor factors and inhibiting adipogenic factors in the nucleus.[@b17-ijn-13-7019] Based on this theory, we have found positive results in several bone regeneration studies using GNPs.[@b16-ijn-13-7019],[@b32-ijn-13-7019] In the previous study, we reported that GNPs of 30 and 50 nm diameter were effective in increasing osteo-differentiation through the expression of the *Runx2* gene as well as endocytosis.[@b33-ijn-13-7019] In addition, GNPs have different properties for organ accumulation and toxicity by diameter, with 30 nm diameter GNPs causing a decrease in leukocyte and red blood cells in the blood and accumulating in the spleen. This has been reported to be safer than other sizes.[@b12-ijn-13-7019],[@b34-ijn-13-7019] Therefore, we fabricated GNPs with a size of about 30 nm and confirmed that 35.83±0.9 nm GNPs were fabricated through DLS analysis. In the DLS results, the distribution range of 28--32 nm was the highest range and PDI was measured as 0.3, which proved that GNPs of the desired size were uniformly produced ([Figure 2A](#f2-ijn-13-7019){ref-type="fig"}).

GNPs are produced by citrate reduction method, which is the most common method, and it is still widely used because it can be made simply by DW, HAuCl~4~, and sodium citrate.[@b30-ijn-13-7019] The GNPs thus fabricated have surface area properties that easily couple with hydrophobic groups, anionic groups, and thiol groups.[@b35-ijn-13-7019] NAC, with a thiol group, easily bonds with GNPs. Due to the localized surface plasmon resonance characteristic of the gold surface, the absorption and scattering wavelengths are different depending on the organic matter when the organic material is bonded to the gold surface.[@b36-ijn-13-7019],[@b37-ijn-13-7019] UV-vis spectrum was measured using the properties of these GNPs, and the maximum absorption wavelength of G-NAC was shifted 4.5 nm compared with GNPs ([Figure 2B](#f2-ijn-13-7019){ref-type="fig"}). As a result, the binding of NAC was demonstrated.

The NAC-synthesized G-NAC was quantitated by TGA. The difference in mass reduction between GNPs and G-NAC was 0.911% and NAC was 82.58% when the NAC, GNPs, and G-NACs were heated to 800°C. The difference in mass reduction rates between G-NAC and GNPs is due to pyrolysis of the NAC bound to the GNPs surface.[@b12-ijn-13-7019] Thus, the mass difference between GNPs and G-NAC corresponded to 17.42% of the NAC mass. The mass of the combined NAC was calculated to be 5.23% of the GNPs mass. Zhu et al demonstrated that the intracellular uptake of functionalized GNPs was influenced by hydrophobicity and charge.[@b38-ijn-13-7019] Jiang et al reported that the rate of cell uptake depended on the size of the nanoparticles.[@b39-ijn-13-7019] Therefore, in this study, DF microscope assay was performed to determine whether NAC attachment affects cell uptake. In [Figure 5](#f5-ijn-13-7019){ref-type="fig"}, there was no significant difference in the cellular uptake of GNPs and G-NAC, suggesting that GNPs might be useful for intracellular delivery of NAC. G-NAC, which is absorbed into the cells, can be separated to GNPs and NAC by glutathione and, after cleavage, these act independently.[@b13-ijn-13-7019]

The reactive oxygen species (ROS) refers to oxygen in a deformed and unstable state, such as superoxide ion and hydroxyl radical. Reduction of ROS in MSCs promotes osteogenesis by stimulating the Wnt and MAPK pathway while inhibiting adipogenesis through inhibiting CCAAT/enhancer-binding proteins (CEBPs).[@b23-ijn-13-7019] We have applied NAC, a widely used antioxidant, to GNPs to accelerate bone differentiation. When NAC was used alone, the hASCs displayed cytotoxicity at concentrations exceeding 10 mM, so experiments were conducted at concentrations lower than that ([Figure 3A](#f3-ijn-13-7019){ref-type="fig"}). [Figures 3](#f3-ijn-13-7019){ref-type="fig"} and [4](#f4-ijn-13-7019){ref-type="fig"} show that GNPs and G-NAC promote osteodifferentiation of hASCs especially at 20 µM concentration. In addition, a small amount of NAC, as much as adding 20 µM G-NAC, promoted osteodifferentiation similar to the 20 µM GNPs, despite relatively low cell viability. A comparative evaluation of the ALP activity of GNPs, NAC, and G-NAC demonstrated that NAC bound to GNPs works to synergistically improve bone regeneration as shown by the highest ALP value in G-NAC ([Figure 4](#f4-ijn-13-7019){ref-type="fig"}).

We conjugated the amino group of Ty to the carboxyl groups of gelatin to bind the phenol group for the cross-linking reaction to the gelatin. As a result, gelatin with a hydroxyl phenol group was synthesized and the peaks of the phenyl protons of Ty present in Gel-Ty were observed at 7.2 and 6.9 ppm ([Figure 6A](#f6-ijn-13-7019){ref-type="fig"}).[@b40-ijn-13-7019] The synthesized Gel-Ty is dissolved in PBS. Subsequently, HRP and H~2~O~2~ are added to form a hydrogel through dehydrogenation between phenol analogs ([Figure 6C](#f6-ijn-13-7019){ref-type="fig"}). HRP, an alpha-helical protein bound to a heme group, acts as a catalyst for the radical generation of H~2~O~2~. One H~2~O~2~ reacts with HRP to produce two phenolic radicals, and these form hydrogels by causing cross-linking within the Gel-Ty by phenol groups.[@b41-ijn-13-7019] The Gel-Ty hydrogel cross-linking can be easily controlled depending on concentration and its stiffness was increased in proportion to concentration ([Figure 6B](#f6-ijn-13-7019){ref-type="fig"}). In addition, because the number of radicals generated according to the concentration of H~2~O~2~ or HRP varied, it can be used to control the mechanical strength or gelation time of the hydrogel. Thus, it has been used in many studies.[@b42-ijn-13-7019]--[@b47-ijn-13-7019] Biocompatibility was assessed by incubating cells on the surface and inside of Gel-Ty hydrogel. Cell viability was not significantly different between hydrogels at all concentrations. However, as the hydrogel intensity decreased in the low concentration of Gel-Ty, it was degraded in a short time ([Figure 7J, K and L](#f7-ijn-13-7019){ref-type="fig"}). Therefore, 10% Gel-Ty was selected as the hydrogel to apply G-NAC. The viability of hASCs inside the Gel-Ty hydrogel with various concentrations of GNPs was positively correlated with the number of GNPs, confirming the possibility of G-NAC loading ([Figure 7N](#f7-ijn-13-7019){ref-type="fig"}). Experiments in which GNPs are directly applied to hASCs were added to additional GNPs whenever media were replaced, but not when GNPs or G-NAC were contained in Gel-Ty hydrogels. Thus, hydrogel experiments with nanoparticles proceeded with higher concentrations of nanoparticles than the studies using only nanoparticles ([Figure 8](#f8-ijn-13-7019){ref-type="fig"}). The bone differentiation effect of Gel-Ty containing various concentrations of GNPs was highest at 100 µM ([Figure 8A](#f8-ijn-13-7019){ref-type="fig"}). The GNPs and G-NAC were found to have the highest bone mineralization promoting effect at 20 µM, while the total amount of nanoparticles treated for 15 days was about 100 µM ([Figures S1](#SD1-ijn-13-7019){ref-type="supplementary-material"} and [4B](#f4-ijn-13-7019){ref-type="fig"}). In addition, low ALP activity was measured at higher or lower concentrations of GNPs, similar to experiments in which only nanoparticles were used. As a result, it was once again confirmed that there is a proper concentration for maximizing the bone differentiation promoting effect. It was proved that G-NAC preserves its excellent bone differentiation promoting effects even when applied to Gle-Ty through the comparative study of Gel-Ty hydrogels containing 100 µM GNPs and G-NAC.

Conclusion
==========

In summary, we conducted an evaluation of GNPs and NAC, which are substances capable of promoting osteodifferentiation. Based on these results, we designed and prepared G-NAC, and the biocompatibility and osteodifferentiation promoting effects of G-NAC were demonstrated by the viability and ALP activity of hASCs. In addition, Gel-Ty, which is a gelatin-based enzyme cross-linked hydrogel capable of positioning G-NAC in bone defects, was prepared for effective bone regeneration. The condition of Gel-Ty hydrogel suitable for tissue regeneration was also established by in vitro experiments. The applicability of hASCs encapsulation to hydrogels was confirmed through the biocompatibility test of Gel-Ty hydrogel containing GNPs. Evaluation of bone differentiation and regeneration ability of Ge-Ty/G-NAC hydrogel will be analyzed later through in vitro and in vivo experiments. These results demonstrate that the Gel-Ty/G-NAC complex can be used as an injectable hydrogel for bone regeneration. Our results suggest that it can be widely applied to the bone tissue engineering field.

Supplementary materials
=======================

###### 

Evaluation of ALP activity of hASCs at various concentrations of GNPs below 40 µM. Results are mean ± SD of triplicate experiments: \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 represent significant difference compared with control group.

**Abbreviations:** GNPs, gold nanoparticles; hASCs, human-derived stem cells.

###### 

Evaluation of viability (**A**) and ALP activity (**B**) of hASCs at various concentrations of G-NAC. Results are mean ± SD of triplicate experiments: \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 represent significant differences compared with control group, and ^\#^*P*\<0.05 and ^\#\#^*P*\<0.01 represent significant differences compared with 10 µM group.

**Abbreviations:** G-NAC, gold nanoparticles-*N*-acetyl cysteine; hASCs, human-derived stem cells.

###### 

Viability of hASCs on the Gel-Ty hydrogel surface. The CLSM images of 5% (**A**, **D**), 7.5% (**B**, **E**), and 10% Gel-Ty hydrogel (**C**, **F**) after culture during 1 (**A**--**C**) and 3 days (**D**--**F**). F-actin of hASCs is green and the nucleus of hASCs is blue. Scale bar is 200 µm. Images collected at 200× magnification. The cell viability assay on the Gel-Ty hydrogels for 7 days using EZ-Cytox assay (**G**). Results are mean ± SD of triplicate experiments: \*\*\**P*\<0.001 represent significant differences compared with tissue culture plate group.

**Abbreviations:** CLSM, confocal laser scanning microscopy; Gel-Ty, gelatin--tyramine; hASCs, human-derived stem cells; TCP, tissue culture plate.
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![Schematic diagram of the GGN-ASCs injectable hydrogel production.\
**Abbreviation:** GGN-ASCs, gelatin--tyramine/gold-nanoparticles-*N*-acetyl cysteine/human adipose-derived stem cells complex hydrogel; H~2~O~2~, hydrogen peroxide; EDC, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride; NHS, N-Hydroxysuccinimide.](ijn-13-7019Fig1){#f1-ijn-13-7019}

![Identification and quantification of GNPs and G-NAC.\
**Notes:** DLS spectrum of GNPs (**A**), UV-vis spectrum of GNPs and G-NAC (**B**), and TGA curves of GNPs, NAC, and G-NAC (**C**). The weight is constant up to 800°C.\
**Abbreviations:** DLS, dynamic light scattering; G-NAC, gold nanoparticles-*N*-acetyl cysteine; GNPs, gold nanoparticles; NAC, *N*-acetyl cysteine; TGA, thermogravimetric analysis; UV-vis, ultraviolet visible.](ijn-13-7019Fig2){#f2-ijn-13-7019}

![Evaluation of viability (**A**, **C**) and ALP activity (**B**, **D**) of hASCs at various concentrations of NAC (**A**, **B**) and GNPs (**C**, **D**). Results are mean ± SD of triplicate experiments: \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 represent significant difference compared with control group, and ^\#\#^*P*\<0.01 represent significant difference compared with 10 µM group.\
**Abbreviations:** GNPs, gold nanoparticles; hASCs, human-derived stem cells; NAC, *N*-acetyl cysteine; ALP, Alkaline phosphatase.](ijn-13-7019Fig3){#f3-ijn-13-7019}

![Evaluation of viability (**A**) and ALP activity (**B**) of hASCs at 20 µM GNPs, 2.2 µM NAC, and 20 µM G-NAC. Results are mean ± SD of triplicate experiments: \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 represent significant differences compared with control group, and ^†^*P*\<0.05 and ^††^*P*\<0.01 represent significant differences compared with G-NAC group.\
**Abbreviations:** G-NAC, gold nanoparticles-*N*-acetyl cysteine; GNPs, gold nanoparticles; hASCs, human-derived stem cells; NAC, *N*-acetyl cysteine.](ijn-13-7019Fig4){#f4-ijn-13-7019}

![BF and DF images of hASCs treated with 20 µM GNPs (**A**, **B**) and G-NAC (**C**, **D**) for 1 day. The DF images evaluated by ImageJ program (bright pixel/total pixel), and the results are mean ± SD of triplicate experiments (**E**). Scale bars are 100 µm.\
**Abbreviations:** BF, bright field; DF, dark field; G-NAC, gold nanoparticles-*N*-acetyl cysteine; GNPs, gold nanoparticles; hASCs, human-derived stem cells.](ijn-13-7019Fig5){#f5-ijn-13-7019}

![Characterization of Gel-Ty hydrogels.\
**Notes:** ^1^H NMR spectrum of the gelatin and Gel-Ty (**A**). Image of 5% Gel-Ty solution, and cross-linked Gel-Ty hydrogel after addition of HRP and H~2~O~2~ (**B**). Frequency dependence of storage modulus (G′) and loss modulus (G″) for various concentrations of Gel-Ty (**C**). Results are means ± SD of triplicate experiments.\
**Abbreviations:** Gel-Ty, gelatin--tyramine; ^1^H NMR, proton nuclear magnetic resonance; HRP, horseradish peroxidase; H~2~O~2~, hydrogen peroxide; ppm, parts per million.](ijn-13-7019Fig6){#f6-ijn-13-7019}

![Viability of hASCs embedded in the Gel-Ty hydrogels.\
**Notes:** The CLSM images of 5% (**A**, **D**, **G**, **J**), 7.5% (**B**, **E**, **H**, **K**), and 10% Gel-Ty hydrogel (**C**, **F**, **I**, **L**) after culture during 1 (**A**--**C**, **G**--**I**) and 3 days (**D**--**F**, **J**--**L**). F-actin of hASCs is green, and scale bar is 100 µm. The viability of hASCs embedded inside the Gel-Ty (**M**) and Gel-Ty/GNPs (**N**) hydrogels for 3 days. Results are mean ± SD of triplicate experiments: \*\**P*\<0.01 represent significant differences compared with control group.\
**Abbreviations:** CLSM, confocal laser scanning microscopy; Gel-Ty, gelatin--tyramine; Gel-Ty/GNPs, gelatin--tyramine/gold nanoparticles; hASCs, human-derived stem cells.](ijn-13-7019Fig7){#f7-ijn-13-7019}

![ALP activity of hASCs on the Gel-Ty/GNPs (**A**) and Gel-Ty/G-NAC (**B**).\
**Note:** Results are means ± SD of triplicate experiments: \**P*\<0.05 and \*\**P*\<0.01 represent significant difference compared with control group, \*\*\**P*\<0.001 represent significant difference compared with control group, and ^†††^*P*\<0.001 represent significant difference compared with Gel-Ty/GNPs group.\
**Abbreviations:** Gel-Ty/GNPs, gelatin--tyramine/gold nanoparticles; Gel-Ty/G-NAC, gelatin--tyramine/gold nanoparticles-*N*-acetyl cysteine; hASCs, human-derived stem cells.](ijn-13-7019Fig8){#f8-ijn-13-7019}
